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(57) ABSTRACT

The disclosure provides an approach for rendering granular
media. According to one aspect of the disclosure, granular
media are rendered using bidirectional point scattering dis-
tribution functions (BPSDFs). The dimensionality of
BPSDFs may be reduced by making certain assumptions,
such as random orientations of grains, thereby simplifying
light transport for computational efficiency. To generate a
BPSDF from a grain, light transport may be precomputed
using a Monte Carlo simulation in which photons are shot
onto the grain from all directions. The precomputed BPSDF
may be used, during rendering, for describing the interac-
tions within grains. When a light ray traced during rendering
intersects proxy geometry which replaces grain geometry,
the BPSDF may be evaluated to determine light transport.
By repeating this process for many light rays in a Monte
Carlo simulation, the light propagation through the granular
medium may be determined.
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1
BIDIRECTIONAL POINT DISTRIBUTION
FUNCTIONS FOR RENDERING GRANULAR
MEDIA

BACKGROUND

1. Field

The disclosure provides techniques for rendering granular
media composed of arbitrary shaped grains.

2. Description of the Related Art

Rendering applications applying ray-tracing techniques
construct some subset of all light paths in a scene, each light
path being characterized by a set of vertices and straight-line
segments connecting the vertices. A complete light path
describes how light is transported, potentially through many
bounces, from a light source to a viewer. When the ray of
light being traced intersects scene geometry or is determined
to be interacting with some particle, a new path vertex is
created. At vertices, the light may be altered in its direction,
in the amount of energy, and the distribution of wavelengths.

Granular media typically correspond distinct macroscopic
particles (also referred to herein as “grains”), which may
have arbitrary shapes. Examples of granular media include
sand, rice, sugar, salt, snow, coffee, corn flakes, among
others. To accurately render granular media, a very large
number of light rays are typically generated and intersected
with grains of the media. Paths of these light rays leading
from one grain to the next, as well as complicated paths of
the light rays within individual grains, need to be computed,
which can be computationally expensive.

SUMMARY

One aspect includes a computer implemented method for
rendering a granular medium. The method includes com-
puting a bidirectional point scattering distribution function
(BPSDF) for one or more grains of the granular medium.
The method further includes receiving geometry of a scene
which includes the granular medium, and replacing grains of
the granular medium in the scene with respective proxy. In
addition, the method includes evaluating the BPSDF to
determine light transport when a traced light ray intersects
elements of the proxy geometry while rendering the scene.

Other aspects include a computer-readable medium that
includes instructions that enable a processing unit to imple-
ment one or more aspects of the disclosed methods as well
as a system configured to implement one or more aspects of
the disclosed methods.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited aspects are
attained and can be understood in detail, a more particular
description of aspects of the disclosure, briefly summarized
above, may be had by reference to the appended drawings.

It is to be noted, however, that the appended drawings
illustrate only typical aspects of this disclosure and are
therefore not to be considered limiting of its scope, for the
disclosure may admit to other equally effective aspects.

FIG. 1 illustrates an approach for rendering granular
media using a bidirectional point scattering distribution
function.

FIG. 2 illustrates a method for rendering an image which
includes granular media.

FIG. 3 is a block diagram of a system configured to
implement one or more aspects of the disclosure.
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2
DETAILED DESCRIPTION

FIG. 1 illustrates an approach for rendering granular
media using a bidirectional point scattering distribution
function (BPSDF). As shown in panel A, a granular medium
includes multiple grains 110, ;. The grains 110, ; are dis-
tinct macroscopic particles, and may be individually visible
in a rendering of the granular medium which is zoomed in
sufficiently. Each of the grains 110, ; may be defined by its
shape, surface reflectance/transmittance and participating
media. Although only three grains 110, ; are depicted,
granular media may generally include many grains, each of
which may exhibit a distinct shape and surface properties.

IMustratively, a light path 103 traced by a rendering
application (not shown) from a viewer 101 intersects geom-

etry of the grain 110, at point Hj and leaves the grain 110,

at point . The reflectance and transmission functions are
evaluated on the surface of the grain 110,. If the path enters
the grain, scattering and absorption events occur, which may
be computationally expensive to simulate, especially when
such simulations are performed for multiple grains of a
granular medium.

Given a granular medium, aspects of this disclosure
precompute a BPSDF which is a low-dimensional function
that approximates important features of light transport
through grains of the granular medium, thereby eliminating
the need to simulating scattering within individual grains.

As shown, the grain 110, has volume V and is bounded by
surface M. In general, the grain 110, may be described by its
geometry, the scattering media inside the grain 110,, and
reflectance/transmittance properties on the surface M. This
formulation is equivalent to a general eight-dimensional
bidirectional surface scattering reflectance distribution func-
tion (BSSRDF), which is a scattering function of incoming

(two-dimensional) position Hj on the surface M and incom-
—
ing (two-dimensional) direction m, and respective outgoing
—
position Ho and outgoing direction w :

——

R
S(th 305165, ).

ey
Note, this formulation assumes a surface parameterization
that defines a point on the surface with a two-dimensional

vector U such as a unit sphere or a tangent space. The
—
function S relates the incident flux at (Hi, ;) to the outgoing
—
radiance at (Ho,  ,). To determine outgoing radiance at (Ho,

30), the rendering application may perform the following
four-dimensional integral which includes the function S:

L o0 iS50 3100 L0 )1 0

© dM(i), @
where Hi is the normal at point Hi.

Aspects of this disclosure reduce the high-dimensional

BSSRDF S(Hi,ﬁi,HO,EZ) while approximating import fea-
tures of light transport through grains of granular media. As
discussed, each grain may exhibit a distinct shape and
surface properties. A simplifying assumption may be made,
however, that properties are shared between grains of a
granular medium such that the grains may be classified
according to type. For example, salt mixed with sand may
include two types of grains, namely salt grains and sand
grains. Each type of grain may be associated with a respec-
tive BPSDF, which may be a precomputed low-dimensional
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function applied to the scattering integral of equation (2) in
lieu of the high-dimensional BSSRDF. The number of types
is not limited, and the rendering application may model
which particular grain has which BPSDF statistically, or
with (volumetric) maps for full control.

Deriving the low-dimensional BPSDF from the high-
dimensional BSSRDF may require multiple dimensional
reductions. In one aspect, spatial dependence may be
removed from the BSSRDF by assuming that all scattering
events, on the surface of grains or inside the grains, happen
at the center (e.g., the center of mass) of the grain. This
results in a four-dimensional function only dependent on the

— —
incoming direction w, and the outgoing direction w . The
radiance integral of equation (2) is then reduced to:

L@ TP 01,0 M@ )G 3)

With the BPSDF P(ﬁi,$o), the radiance integral is over the

—
whole sphere of directions, and no (Hi, ;) term is present
due to the fact that there is no normal defined. This means
that spatial locality is lost, reducing the grain to a point.

— —

In another aspect, the four-dimensional BPSDF P(w,, )
may be further reduced to a two-dimensional BPSDF by
only considering the difference between the angles w,=(¢,,
0,), ®,=(¢,,0,), with the degrees of freedom being A¢, AD.
In yet another aspect, the two-dimensional BPSDF may be
further reduced to one dimension, with the only degree of
freedom being the relative angle between w,, w,.

In alternative aspects, one or more spatial degrees of
freedom may be retained. For example, a spatial degree of
freedom corresponding to radial offset of the incident light
from the center of the grain may be used, along with the
distance between the angles w, and w,. Doing so eliminates
the need to orient the grain, while still being spatially
dependent in one degree of freedom.

Light transport may be simulated using a Monte Carlo
simulation during a precomputation step to generate the
low-dimensional BPSDF. In such a Monte Carlo simulation,
photons may be shot onto a grain from substantially all
directions and spatial offsets, with the photons distributed in
all degrees of freedom of the BPSDF. A precomputation
application may then record the spatial offsets and outgoing
directions and intensities of the photons. For example, the
photons may be binned according to the dimensional reduc-
tion chosen for the BPSDF to avoid recording a full
BSSRDF function. The number of bins in each degree of
freedom defines the resolution of the resulting tabulated
BPSDF. For a more efficient representation, the Monte Carlo
simulation may also be projected onto some basis, such as
polynomials (e.g., Spherical Harmonics), wavelets, tent
functions, parametric phase functions (e.g., a Henyey-
Greenstein phase function or a superposition of such func-
tions), etc.

Panel B shows a rendering of the scene which includes the
granular medium. As shown, a rendering application (not
shown) replaces the grains 110, ; with proxy geometry,
illustrated as spheres 120, 5, during the rendering. Doing so
may improve computational efficiency. The proxy geometry
for a given grain may be any shape and size, such as a
convex hull of the grain’s geometry, a bounding sphere, etc.
In some embodiments, geometry of individual grains may be
replaced with proxy geometry under certain circumstances.
As discussed in greater detail below, two such circumstances
may include the camera being zoomed sufficiently away
from the granular media, and the number of bounces
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4

between grains being greater than a given number. In these
cases, the BPSDF may be used to replace simulations of
interactions within individual grains, as the simplifying
assumptions of the BPSDF, such as random orientations of
grains, may be more appropriate.

As shown, the rendering application traces a light ray 104
to the granular medium. Where, the light ray 104 intersects
the proxy geometry 120,, the rendering application evalu-
ates the precomputed BPSDF function. Such an evaluation
may include, e.g., looking up a tabulated BPSDF value or
evaluating a Spherical Harmonic, wavelet, or Henyey-
Greenstein phase function, etc. By evaluating the BPSDF,
the rendering application obtains the light transport through
the grain, without having to simulate the complex scattering
of light within the grain itself that is represented by the
proxy geometry 120,. That is, instead of computing scatter-
ing inside intersected grains, the rendering application
selects a BPSDF corresponding to the grain’s type and
samples an outgoing path vertex from the BPSDF. By
repeating this process for many light rays in the Monte Carlo
simulation, the rendering application may determine the
light propagation through the granular medium.

FIG. 2 illustrates a method 200 for rendering an image
which includes granular media. As shown, the method 200
begins at step 210, where a BPSDF is precomputed by
performing a Monte Carlo simulation of light transport for
one or more grains of the granular media. In the Monte Carlo
simulation, which may be performed using, e.g., a virtual
goniophotometer, photons may be shot onto a grain from
substantially all directions and spatial offsets, and spatial
offsets and outgoing directions and intensities of the photons
recorded. Here, care should be taken to distribute the pho-
tons being shot in all degrees of freedom of the BPSDF. A
given photon may be shot at the grain and scattered accord-
ing to the position on M and, depending on if the photon
travels inside the grain, scattered inside V until it leaves the
grain. The scattering inside V may be simulated using any
feasible means, such as known volumetric scattering tech-
niques.

In one aspect, the photons being shot at the grain may be
binned according to the dimensional reduction chosen for
the BPSDF to avoid recording a full BSSRDF function. In
such a case, the number of bins in each degree of freedom
defines the resolution of the resulting tabulated BPSDF. In
an alternative aspect, the Monte Carlo simulation may be
projected onto some basis, such as polynomials (e.g.,
Spherical Harmonics), wavelets, tent functions, parametric
phase functions (e.g., Henyey-Greenstein phase function or
a superposition of such functions), etc. This is in contrast to
the tabulated BPSDF, which is equivalent to a projection
onto a piecewise constant basis set. If the form of the
measured BPSDF is close to a parametric phase function, the
precomputation application may fit a Henyey-Greenstein
phase function (or some other phase function) to the BPSDF.
A global factor in addition to the anisotropy factor g may be
fit to account for the absorption of the scattering within the
grain.

In another aspect, a BPSDF may be precomputed for each
type of grain, where grains of the same type share certain
properties (e.g., shape, material composition, etc.). Any
number of types of grains may be present in a given granular
medium, and the rendering application may model which
particular grain has which BPSDF statistically, or with
(volumetric) maps for full control.

The BPSDF may be based on multiple dimensionality-
reducing assumptions which make the eight-dimensional
radiance integral of equation (2) more computationally
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tractable. In one aspect, spatial dependence may be removed
by assuming that all scattering events happen at the center
(e.g., the center of mass) of the grain, resulting in a four-
dimensional BPSDF function dependent on only the incom-

— —
ing direction ®, and the outgoing direction . In such a
case, spatial locality is lost, reducing the grain to a point. In
another aspect, the four-dimensional BPSDF may be further
reduced to a two-dimensional BPSDF by only considering
the difference between the angles w,=~(¢,,0,), ®,=(¢,.0,),
with the degrees of freedom being A¢, AO. In a yet another
aspect, the two-dimensional BPSDF may be further reduced
to one dimension, with the only degree of freedom being the
relative angle between o, and w,. In alternative aspects, one
or more spatial degrees of freedom may be retained, such as
a spatial degree of freedom corresponding to radial offset of
the incident light from the center of the grain, which may be
used along with the distance between the angles ..

At step 220, a rendering application alters received granu-
lar media geometry in a scene by replacing geometry of the
grains with proxy geometry. The proxy geometry for a given
grain may be any shape and size. Examples include a convex
hull of the grain’s geometry, a bounding sphere, and the like.
The particular choice of proxy geometry may generally
depend on the simplifying assumptions made to the BPSDF.
For example, where an assumption is made that orientations
of'the grains are random, with the BPSDF being the function
of the difference between incoming and outgoing angles ,,
®,, the rendering application may replace geometry of each
grain with spherical proxy geometry, and render the scene
using such proxy geometry. Where the orientation of the
grains are not assumed to be random, the proxy geometry
used may be, e.g., a convex hull. Alternatively, no proxy
geometry may be used, i.e., the original grain geometry may
be used.

In some aspects, geometry of individual grains may be
replaced with proxy geometry under certain circumstances.
Two such circumstances may include the camera being
zoomed sufficiently away from the granular media, and the
number of bounces between grains being greater than a
given number. Where the camera is zoomed out such that,
e.g., the fine structure of individual grains is no longer
visible, the simplifying assumptions of the BPSDF, such as
random orientation of grains, may be more appropriate, and
the rendering application may replace grain geometry with
proxy geometry so as to make use of the BPSDF. Con-
versely, where, e.g., fine structure of individual grains is
visible, the rendering application may use actual grain
geometry and simulate interactions within individual grains
normally, without using the BPSDF. Where the number of
bounces between grains is greater than a given number (e.g.,
3), the light rays may be less noticeable, particularly if the
light has penetrated through several layers of grains and is
thus viewed indirectly through those layers. In one aspect,
the rendering application may simulate interactions within
individual grains up to the given number of bounces, then
use the BPSDF to replace simulations of interactions in
further grains which the light intersects.

At step 230, the rendering application performs a Monte
Carlo rendering of the scene in which the BPSDF is evalu-
ated whenever a ray being traced intersects the proxy
geometry. The Monte Carlo rendering may use, e.g., forward
path tracing, or any other ray tracing technique in which
multiple light rays are shot at, and intersect with, proxy
geometry representing grains of the granular medium.
Where, a light ray intersects proxy geometry, the rendering
application may evaluate the precomputed BPSDF function
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by e.g., looking up a tabulated BPSDF value or evaluating
a spherical harmonic, wavelet, Henyey-Greenstein phase
function, superposition of Henyey-Greenstein phase func-
tions, etc. Doing so gives the light transport through the
grain, without having to simulate the scattering of light
within the grain itself. That is, to determine light transport,
the rendering application may simply select a BPSDF cor-
responding to the grain’s type and sample an outgoing path
vertex from the BPSDF. This makes the Monte Carlo
rendering more computationally tractable, as scattering
events within individual grains are not simulated.

Although discussed above primarily with respect to
BPSDFs which capture interactions within single grains, in
other aspects, BPSDFs may be generated for multiple grains.
Without such simplification, a large number of light ray
intersections with different proxy geometry may occur dur-
ing rendering as light bounces between grains of granular
media. Rendering simulations of such interactions may be
reduced by precomputing the interactions for multiple grains
and using proxy geometry to replace those multiple grains,
thereby reducing the computation load during rendering.

FIG. 3 is a block diagram of a system 300 configured to
implement one or more aspects of the disclosure. System
300 may be a computer workstation, personal computer,
video game console, personal digital assistant, rendering
engine, mobile phone, or any other device suitable.

As shown, system 300 includes a central processing unit
(CPU) 302 and a system memory 304 communicating via a
bus path that may include a memory bridge 305. CPU 302
includes one or more processing cores, and, in operation,
CPU 302 is the master processor of system 300, controlling
and coordinating operations of other system components.
System memory 304 stores software applications and data
for use by CPU 302. CPU 302 runs software applications
and optionally an operating system. Memory bridge 305,
which may be, e.g., a Northbridge chip, is connected via a
bus or other communication path (e.g., a HyperTransport
link) to an /O (input/output) bridge 307. 1/O bridge 307,
which may be, e.g., a Southbridge chip, receives user input
from one or more user input devices 308 (e.g., keyboard,
mouse, joystick, digitizer tablets, touch pads, touch screens,
still or video cameras, motion sensors, and/or microphones)
and forwards the input to CPU 302 via memory bridge 305.

A display processor 312 is coupled to memory bridge 305
via a bus or other communication path (e.g., a PCI Express,
Accelerated Graphics Port, or HyperTransport link). In one
configuration, display processor 312 is a graphics subsystem
that includes at least one graphics processing unit (GPU) and
graphics memory. Graphics memory includes a display
memory (e.g., a frame buffer) used for storing pixel data for
each pixel of an output image. Graphics memory can be
integrated in the same device as the GPU, connected as a
separate device with the GPU, and/or implemented within
system memory 304.

Display processor 312 periodically delivers pixels to a
display device 330 (e.g., a screen or conventional CRT,
plasma, OLED, SED or LCD based monitor or television).
Additionally, display processor 312 may output pixels to
film recorders adapted to reproduce computer generated
images on photographic film. Display processor 312 can
provide display device 330 with an analog or digital signal.

A system disk 314 is also connected to I/O bridge 307 and
may be configured to store content and applications and data
for use by CPU 302 and display processor 312. System disk
314 provides non-volatile storage for applications and data
and may include fixed or removable hard disk drives, flash
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memory devices, and CD-ROM, DVD-ROM, Blu-ray, HD-
DVD, or other magnetic, optical, or solid state storage
devices.

A switch 316 provides connections between I/O bridge
307 and other components such as a network adapter 318
and various add-in cards 320 and 321. Network adapter 318
allows system 300 to communicate with other systems via
an electronic communications network, and may include
wired or wireless communication over local area networks
and wide area networks such as the Internet.

Other components (not shown), including USB or other
port connections, film recording devices, and the like, may
also be connected to 1/O bridge 307. For example, an audio
processor may be used to generate analog or digital audio
output from instructions and/or data provided by CPU 302,
system memory 304, or system disk 314. Communication
paths interconnecting the various components in FIG. 1 may
be implemented using any suitable protocols, such as PCI
(Peripheral Component Interconnect), PCI Express (PCI-E),
AGP (Accelerated Graphics Port), HyperTransport, or any
other bus or point-to-point communication protocol(s), and
connections between different devices may use different
protocols, as is known in the art.

In one configuration, display processor 312 incorporates
circuitry optimized for graphics and video processing,
including, for example, video output circuitry, and consti-
tutes a graphics processing unit (GPU). In another configu-
ration, display processor 312 incorporates circuitry opti-
mized for general purpose processing. In yet another
configuration, display processor 312 may be integrated with
one or more other system elements, such as the memory
bridge 305, CPU 302, and 1/O bridge 307 to form a system
on chip (SoC). In still further configurations, display pro-
cessor 312 is omitted and software executed by CPU 302
performs the functions of display processor 312.

Pixel data can be provided to display processor 312
directly from CPU 302. In some configurations, instructions
and/or data representing a scene are provided to a render
farm or a set of server computers, each similar to system
300, via network adapter 318 or system disk 314. The render
farm generates one or more rendered images of the scene
using the provided instructions and/or data. These rendered
images may be stored on computer-readable media in a
digital format and optionally returned to system 300 for
display. Similarly, stereo image pairs processed by display
processor 312 may be output to other systems for display,
stored in system disk 314, or stored on computer-readable
media in a digital format.

Alternatively, CPU 302 provides display processor 312
with data and/or instructions defining the desired output
images, from which display processor 312 generates the
pixel data of one or more output images, including charac-
terizing and/or adjusting the offset between stereo image
pairs. The data and/or instructions defining the desired
output images can be stored in system memory 304 or
graphics memory within display processor 312. In one
configuration, display processor 312 includes 3D rendering
capabilities for generating pixel data for output images from
instructions and data defining the geometry, lighting, shad-
ing, texturing, motion, and/or camera parameters for a scene.
Display processor 312 can further include one or more
programmable execution units capable of executing shader
programs, tone mapping programs, and the like.

It will be appreciated that the system shown herein is
illustrative and that variations and modifications are pos-
sible. The connection topology, including the number and
arrangement of bridges, may be modified as desired. For
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instance, in some configurations, system memory 304 is
connected to CPU 302 directly rather than through a bridge,
and other devices communicate with system memory 304
via memory bridge 305 and CPU 302. In other alternative
topologies display processor 312 is connected to I/O bridge
307 or directly to CPU 302, rather than to memory bridge
305. In still other configurations, /O bridge 307 and
memory bridge 305 might be integrated into a single chip.
The particular components shown herein are optional; for
instance, any number of add-in cards or peripheral devices
might be supported. In some configurations, switch 316 is
eliminated, and network adapter 318 and add-in cards 320,
321 connect directly to I/O bridge 307.

According to aspects of this disclosure, granular media
are rendered using bidirectional point scattering distribution
functions (BPSDFs). As discussed, the dimensionality of the
BPSDFs may be reduced by making certain assumptions,
simplifying the light transport for computational efficiency.
To generate a BPSDF from a grain defined by its shape,
surface reflectance/transmittance and participating media, a
precomputation application may simulate light transport
using a Monte Carlo simulation in which photons are shot
onto the grain from all directions, as discussed above with
respect to FIG. 2. The precomputed BPSDF may then be
used, during rendering, as a drop-in replacement for describ-
ing the interactions within individual grains. The precom-
putation and rendering applications may be executed, at
least in part, by display processor 312. In other aspects, the
precomputation and rendering applications may be imple-
mented in software stored in system memory 304 and
executed by CPU 302 and/or display processor 312. In still
further aspects, the precomputation and rendering applica-
tions may be implemented in fixed function hardware
included within display processor 312. Other aspects may be
implemented as a combination of hardware and software.

Advantageously, aspects disclosed herein precompute
light transport through one or multiple grains of a granular
media to generate BPSDFs. The BPSDFs may be used in
Monte Carlo rendering of the granular media to replace
simulations of light scattering events within one or multiple
grains, thereby improving computational efficiency. In addi-
tion, various assumptions may be made in the BPSDEF,
reducing the dimensionality of the function and simplifying
the light transport to gain computational speed.

The foregoing description references aspects of the dis-
closure. However, it should be understood that the disclosure
is not limited to specific described aspects. Instead, any
combination of the following features and elements, whether
related to different aspects or not, is contemplated to imple-
ment and practice the disclosure. Furthermore, although
aspects of the disclosure may achieve advantages over other
possible solutions and/or over the prior art, whether or not
a particular advantage is achieved by a given aspect is not
limiting of the disclosure. Thus, the following aspects,
features, and advantages are merely illustrative and are not
considered elements or limitations of the appended claims
except where explicitly recited in a claim(s). Likewise,
reference to “the disclosure” shall not be construed as a
generalization of any inventive subject matter disclosed
herein and shall not be considered to be an element or
limitation of the appended claims except where explicitly
recited in a claim(s).

Aspects of the present disclosure may be embodied as a
system, method or computer program product. Accordingly,
aspects of the present disclosure may take the form of an
entirely hardware aspect, an entirely software aspect (in-
cluding firmware, resident software, micro-code, etc.) or an
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aspect combining software and hardware aspects that may
all generally be referred to herein as a “circuit,” “module” or
“system.” Furthermore, aspects of the present disclosure
may take the form of a computer program product embodied
in one or more computer readable medium(s) having com-
puter readable program code embodied thereon.

Any combination of one or more computer readable
medium(s) may be utilized. The computer readable medium
may be a computer readable signal medium or a computer
readable storage medium. A computer readable storage
medium may be, for example, but not limited to, an elec-
tronic, magnetic, optical, electromagnetic, infrared, or semi-
conductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
document, a computer readable storage medium may be any
tangible medium that can contain, or store a program for use
by or in connection with an instruction execution system,
apparatus or device.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality and operation of possible
implementations of systems, methods and computer pro-
gram products according to various aspects of the present
disclosure. In this regard, each block in the flowchart or
block diagrams may represent a module, segment or portion
of code, which comprises one or more executable instruc-
tions for implementing the specified logical function(s). In
some alternative implementations the functions noted in the
block may occur out of the order noted in the figures. For
example, two blocks shown in succession may, in fact, be
executed substantially concurrently, or the blocks may
sometimes be executed in the reverse order, depending upon
the functionality involved. Each block of the block diagrams
and/or flowchart illustrations, and combinations of blocks in
the block diagrams and/or flowchart illustrations can be
implemented by special-purpose hardware-based systems
that perform the specified functions or acts, or combinations
of special purpose hardware and computer instructions.

While the foregoing is directed to aspects of the present
disclosure, other and further aspects may be devised without
departing from the basic scope thereof, and the scope thereof
is determined by the claims that follow.

What is claimed is:
1. A computer-implemented method for rendering a
granular medium, comprising:

computing a bidirectional point scattering distribution
function (BPSDF) for a single grain or multiple grains
of the granular medium, wherein the BPSDF approxi-
mates light transport through the single grain or mul-
tiple grains, and wherein the BPSDF is derived from a
bidirectional surface scattering reflectance distribution
function (BSSRDF) through dimensionality-reducing
assumptions including an assumption that a plurality of
scattering events occur at a center of the single grain or
multiple grains;

receiving geometry of a scene which includes the granular
medium;
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10

replacing grains of the granular medium in the scene with
proxy geometry representing single grains or groups of
grains each having the multiple grains;

evaluating the BPSDF to determine light transport

through the grains when a traced light ray intersects
elements of the proxy geometry representing the grains
while rendering the scene; and

displaying at least a rendered image of the scene as output

on a display device, wherein one or more pixel values
of the rendered image are determined, at least in part,
based on the evaluating of the BPSDF,

wherein the grains are replaced with the proxy geometry

and the BPSDF is evaluated either when a camera is
zoomed away from the granular medium by at least a
predefined amount or when the traced light ray bounces
between at least a predefined number of grains of the
granular medium.

2. The method of claim 1, wherein the proxy geometry
includes one or more spheres or convex hulls.

3. The method of claim 1, wherein the BPSDF is a
four-dimensional function dependent on an incoming direc-
tion and an outgoing direction of light.

4. The method of claim 1, wherein the BPSDF is a
two-dimensional function of differences between angles of
an incoming direction and an outgoing direction of light.

5. The method of claim 1, wherein the BPSDF is a
one-dimensional function of a relative angle between an
incoming direction and an outgoing direction of light.

6. The method of claim 1, wherein the BPSDF is a
two-dimensional function of a radial offset of light from a
grain center and a relative angle between an incoming
direction and an outgoing direction of the light.

7. The method of claim 1, wherein computing the BPSDF
includes performing a Monte Carlo simulation in which
multiple photons are shot at the single grain or multiple
grains, and determining the number of photons which land
in each of a plurality of bins distributed across degrees of
freedom of the BPSDF.

8. The method of claim 1, wherein computing the BPSDF
includes performing a Monte Carlo simulation in which
multiple photons are shot at the single grain or multiple
grains, and projecting outgoing light rays onto a basis.

9. The method of claim 1, wherein the scene is rendered
using a Monte Carlo ray tracing technique.

10. A non-transitory computer-readable storage medium
storing instructions, which when executed by a computer
system, perform operations for rendering a granular
medium, comprising:

computing a bidirectional point scattering distribution

function (BPSDF) for a single grain or a multiple grains
of the granular medium, wherein the BPSDF approxi-
mates light transport through the single grain or mul-
tiple grains, and wherein the BPSDF is derived from a
bidirectional surface scattering reflectance distribution
function (BSSRDF) through dimensionality-reducing
assumptions including an assumption that a plurality of
scattering events occur at a center of the single grain or
multiple grains;

receiving geometry of a scene which includes the granular

medium,;

replacing grains of the granular medium in the scene with

proxy geometry representing single grains or groups of
grains each having the multiple grains;

evaluating the BPSDF to determine light transport

through the grains when a traced light ray intersects
elements of the proxy geometry representing the grains
while rendering the scene; and
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displaying at least a rendered image of the scene as output
on a display device, wherein one or more pixel values
of the rendered image are determined, at least in part,
based on the evaluating of the BPSDF,

wherein the grains are replaced with the proxy geometry 5

and the BPSDF is evaluated either when a camera is
zoomed away from the granular medium by at least a
predefined amount or when the traced light ray bounces
between at least a predefined number of grains of the
granular medium.

11. The computer-readable storage medium of claim 10,
wherein the proxy geometry includes one or more spheres or
convex hulls.

12. The computer-readable storage medium of claim 10,
wherein the BPSDF is a four-dimensional function depen-
dent on an incoming direction and an outgoing direction of
light.

13. The computer-readable storage medium of claim 10,
wherein the BPSDF is a two-dimensional function of dif-
ferences between angles of an incoming direction and an
outgoing direction of light.

14. The computer-readable storage medium of claim 10,
wherein the BPSDF is a one-dimensional function of a
relative angle between an incoming direction and an outgo-
ing direction of light.

15. The computer-readable storage medium of claim 10,
wherein the BPSDF is a two-dimensional function of a
radial offset of light from a grain center and a relative angle
between an incoming direction and an outgoing direction of
the light.

16. The computer-readable storage medium of claim 10,
wherein computing the BPSDF includes performing a
Monte Carlo simulation in which multiple photons are shot
at the single grain or multiple grains, and determining the
number of photons which land in each of a plurality of bins
distributed across degrees of freedom of the BPSDF.

17. The computer-readable storage medium of claim 10,
wherein computing the BPSDF includes performing a
Monte Carlo simulation in which multiple photons are shot
at the single grain or multiple grains, and projecting outgo-
ing light rays onto a basis.
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18. The computer-readable storage medium of claim 10,
wherein the scene is rendered using a Monte Carlo ray
tracing technique.

19. A system, comprising:
a processor; and

a memory, wherein the memory includes an application
program configured to perform operations for render-
ing a granular medium, comprising:
computing a bidirectional point scattering distribution

function (BPSDF) for a single grain or multiple
grains of the granular medium, wherein the BPSDF
approximates light transport through the single grain
or multiple grains, and wherein the BPSDF is
derived from a bidirectional surface scattering
reflectance distribution function (BSSRDF) through
dimensionality-reducing assumptions including an
assumption that a plurality of scattering events occur
at a center of the single grain or multiple grains,

receiving geometry of a scene which includes the
granular medium,

replacing grains of the granular medium in the scene
with proxy geometry representing single grains or
groups of grains each having the multiple grains,

evaluating the BPSDF to determine light transport
through the grains when a traced light ray intersects
elements of the proxy geometry representing the
grains while rendering the scene, and

displaying at least a rendered image of the scene as
output on a display device, wherein one or more
pixel values of the rendered image are determined, at
least in part, based on the evaluating of the BPSDF,

wherein the grains are replaced with the proxy geom-
etry and the BPSDF is evaluated either when a
camera is zoomed away from the granular medium
by at least a predefined amount or when the traced
light ray bounces between at least a predefined
number of grains of the granular medium.
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